Polymerase chain reaction (PCR) products were characterized for a repeated sequence family (designated "O-150") of the human filarial parasite Onchocerca volvulus. In phylogenetic inferences, the 0-150 sequences clustered into closely related groups, suggesting that concerted evolution maintains sequence homology in this family. Using a novel mathematical model based on a nested application of an analysis of variance, we demonstrated that African rainforest and Savannah strain parasite populations are significantly different. In contrast, parasites collected in the New World are indistinguishable from African Savannah strains of 0. volvulus. This finding supports the hypothesis that onchocerciasis was recently introduced into the New World, possibly as a result of the slave trade.
Introduction
Onchocerca volvulus is the cause of human onchocerciasis, which is the second leading cause of infectious blindness in humans (Thylefors 1978 ) . Onchocerca volvulus is endemic throughout subsaharan Africa and is also found in several foci in South and Central America. Entomological, immunological, and genetic studies have suggested that different strains of the parasite are endemic in the rainforest and Savannah bioclimes of western Africa Lobos and Weiss 1985; Flockhart et al. 1986; Erttman et al. 1987 Erttman et al. , 1990 and that the Savannah strain of the parasite causes a more virulent form of the disease Remme et al. 1989) .
The origin of American onchocerciasis is unclear (Nelson 199 1) . Biochemical differences in the parasite populations in the two hemispheres (Yarzabal et al. 1983) , together with the inability of American parasites to develop in African blackflies (Duke 198 together with cytotaxonomic similarities between American and African parasites (Hirai et al. 1987 ) supports the argument that parasite populations on the two continents share a recent common ancestor.
Recently genus-, species-, and strain-specific DNA sequences present in the genome of 0. volvulus have been identified (Erttmann et al. 1987 (Erttmann et al. , 1990 Shah et al. 1987; Harnett et al. 1989; Meredith et al. 1989) . These sequences are all members of a variable tandemly repeated DNA sequence family of -150 bp, designated "O-150."
Rapidly evolving sequences can be used to infer evolutionary relationships among closely related organisms. However, repeated sequences have generally not been used for this purpose, for two reasons. First, in order to ensure that an accurate representation of the repeat population is obtained and that the results are not biased by stochastic errors, it is necessary to examine a relatively large number of individual examples of a given repeat population (Pascale et al. 1993 ) . Second, only recently have mathematical and statistical models necessary for the analysis of these unique data sets been widely considered (Sawyer 1989; Hein 1993) .
In the work reported below, the O-l 50 family has been used to deduce relationships among different 0. volvulus populations.
Application of a novel mathematical model to sequence data derived from the 0-150 family has been used to examine the relationship between Old and New World populations of 0. volvulus.
Material and Methods

Biological Material
Onchocerca volvulus were obtained by nodulectomy from infected individuals and were freed from surrounding host tissue by collagenase digestion (Engelbrecht and Schulz-Key 1984). Samples generally consisted of the four to six adult female parasites, associated males, and microfilariae present in an individual onchoOrigin of American Onchocerciasis 385 cercomata. The one exception was the Brazilian isolate, testing, which uses permutations of the data under the where an individual adult female was obtained. Biogeonull hypothesis to calculate significance levels (Petrondas graphic, epidemiological, and DNA probe-based techand Gabriel 1983; Manley 199 1) . To apply the randomniques were used to classify the African parasites as beization procedure to the sequence data, the ratio of sums longing to either the forest or Savannah strains. of squares described previously was first calculated for Specimens of 0. ochengi, a closely related cattle parasite, each identified cluster. This test statistic will be denoted were obtained for use as an outgroup.
by "F" by way of analogy with the usual ANOVA methods, but we emphasize that this statistic probably Sequencing Procedures does not have an F distribution. The sequences were
Genomic DNA preparation and polymerase chain reaction (PCR) amplification of the 0-150 repeat family were performed as described elsewhere (Meredith et al. 199 1) . Synthetic Hind111 sites were incorporated into the PCR primers to facilitate cloning. This restriction site was not present within known examples of O-l 50, nor were motifs present which are easily mutable into Hind111 sites. PCR products were digested with HindIII, and O-l 50 monomers were purified by electroelution after separation on a 10% polyacrylamide gel. The purified DNA was ligated into M 13mp19, and the DNA sequence of individual clones was determined by standard methods (Sanger et al. 1977 ).
Overview of the Statistical Analysis
In order to use the 0-150 sequence data to study the relationship among the 0. volvuZus populations, it was necessary to determine whether the observed clusters were meaningful and whether there were significant differences in the clusters found in the parasite populations examined. When the data analyzed are numeric, these questions could be addressed by analysis of variance (ANOVA).
Since DNA sequences are not numeric, this technique was not directly applicable. However, the ANOVA approach could be extended to develop a method that could be applied to sequence data. To accomplish this, it was noted that the F-tests associated with an ANOVA are found by considering ratios of sums of squares of deviations from appropriate means. To apply this method to DNA sequence data, a measure of the common behavior of the sequences in a cluster was thus required. The cluster consensus sequence was chosen for this purpose. Next, a measure of distance of one sequence from another was required. The obvious choice for this measure was the Hamming distance, i.e., a count of the number of places where the two sequences differ. In light of these analogues of the mean and the distance measure, it was possible to find ratios of sums of squares of deviations in a manner analogous to the usual ANOVA.
Classical ANOVA relies on distributional assumptions concerning the observed data. Those assumptions were unjustified when applied to DNA sequence data, and so an alternative method for deciding significance was required. The alternative chosen was randomization then permuted among the clusters, and a set {F, , F2, . . . , FN} of values of the test statistic were generated.
These were computed in order to calculate the distribution of the test statistic under the null hypothesis. Finally, each of these Fi was compared with the original F. The number of times that these Fi equaled or exceeded F was counted, and the ratio of that number to the total number of permutations used was taken as the probability of observing a test statistic as large as or larger than the one obtained by visual clustering under the null hypothesis, i.e., the P-value for the test.
When the data set was small, it was possible to examine all possible rearrangements and thus obtain an exact measure of the significance level. However, the number of possible arrangements rapidly increases as the size of the data set grows. In such cases, the significance level was estimated by considering a large random subsample of the possible assignments of sequences to clusters. A detailed description of this approach may be found in Manley ( 199 1).
Formulas Used to Test Significance of Clusters
In the formulas provided below, weighted sums of squares are used because of the unequal numbers of sequences in the clusters. Let there be k groups with each group having nk observations. Let Yi,j be thejth sequence in the ith group, let Yi,* denote the consensus sequence of the ith group, let Y*,* the grand consensus sequence and let n = nl + n2 + . . . + nk be the total number of observations.
Let the Hamming distance operator d( A, B) be defined as the count of the number of places that two sequences A and B differ. Finally, define each of the following sums,
(1)
The analysis table was produced using equation ( 1) for the among-groups sum of squared distance and equation 386 Zimmerman et al. (2) for the within-groups sum of squared distance. The associated test statistic was then Also define the constants cl and c2 as follows,
C9)
Finally define,
i=l j=l
. The final analysis table was produced using equation ( 6) for the between-isolates sum of squared distance, equation (7) for the between-clusters/within-groups sum of squared distance, and equation ( 8) for the within-clusters/ within-isolates sum of squared distance. The overall test statistic was then [ T/( I-1 )] /L. Note that the test statistic was constructed in the spirit of Satterthwaite's ( 1946) approximation and represented an attempt to adjust for the unequal sizes of the clusters in the isolates and for the unequal numbers of clusters in each isolate.
Phylogenetic Analyses
Hypothetical evolutionary topologies were generated under the principle of parsimony using the programs SEQBOOT, DNAPARS, and CONSENSE from the Phylogenetic Inference Package (PHYLIP, version 3.5~ ; Felsenstein 1993) . The initial data set, which consisted of five operational taxonomic units (OTUs) and 26 characters, was subsampled, and 1,000 randomized equal-sized data sets were generated (bootstrap).
Parsimony-based topologies were generated for each set using DNAPARS (all possible trees searched), with the results summarized as a strict-consensus tree (CON-SENSE).
Results
The O-150 PCR Product Population
Is Representative of the Template DNA Relationships among Onchocerca VOZVUZUS populations can be inferred from comparisons of the 0-150 family, if variations among repeats are defined within a population. The PCR products of the 0-150 family from each parasite population were cloned into M 13mp19, and 460 individual templates were sequenced. This experimental strategy provided information about the degree of variability among 0-150 repeats. The validity of this approach depends on unbiased representation of repeat units in the PCR products. A control experiment was devised which utilized the plasmid pOVS 134, which contains 12 tandemly linked copies of 0-150 (Meredith et al. 1989) . Of the 10 repeat units that should amplify under our experimental conditions, 9 sequences can be distinguished by unique bases at one or more positions. PCR products produced using pOVS 134 as a template were cloned into M 13mp 19, and the DNA sequences of 20 randomly selected clones were determined. Only one spurious nucleotide substitution was identified. The frequency of misincorporation ( <4.8X 10 -5 [ Gelfand and White 19901) was far lower than the variability observed between individual samples of 0-150 (see figs. 1 and 2) . Furthermore, x2 analysis demonstrated that the frequency of the individual monomers in the population sampled for DNA sequence analysis was not different from the expected distribution (-0.36).
Thus, the PCR products were qualitatively and quantitatively representative of the template DNA. Additional evidence suggested that the PCR products were also representative of the repeat family when genomic DNA was the template. If this was not the case, then it would be expected that multimers of the 150-bp repeat would be the major PCR product or that no PCR product would be produced. However, in >200 parasite samples analyzed by this technique, PCR products have been produced, and the monomeric unit has been the major product (e.g., see fig. 3A ). In contrast, when repeat-specific primers derived from an 0. VOZVUZUS forestspecific 0-150 sequence (Erttmann et al. 1987) were used in the PCR at a higher annealing temperature, monomeric fragments were nearly absent from the amplification products ( fig. 3 B) .
Collection and Initial Analysis of Sequence Data
The O-l 50 family was amplified from parasites collected in two foci endemic for the Savannah strain 0. voZvulus (Mali and Zaire), two foci endemic for the rainforest strain (Liberia and southern Ivory Coast), and two foci in the Americas (Brazil and Guatemala). A total of 150 cloned monomers were subjected to DNA sequence analysis. Because degenerate amplification primers were annealed at low temperatures, the analysis was restricted to the 106 nucleotides between the 3' ends of the primers. The sequences clustered into subsets on the basis of the presence of specific sequence motifs. Within these subsets, the monomeric sequences were found to be identical or nearly identical ( fig. 1) . Between (Davidson 196 1, pp. 41-56; Herring 1961, pp. 89-113; Povoas 1989, pp. 17-18) . Areas from which the majority of the slaves were obtained are included within the hatched region. The final destinations of the slaves relevant to this study are indicated by the arrows. The sources of the parasite samples utilized in this study are indicated by the symbols. 0 = Rainforest isolates (Liberia and Ivory Coast); a = savannah isolates (Mali and Zaire); and A = New World isolates (Guatemala and Brazil).
equally manifold. Aside from the practical problems associated with phylogenetic analyses of moderate-sized matrices, there existed both a lack of knowledge about the duplication history of the repeats sampled and the likelihood that the underlying connectivity structure was nonhierarchical.
In addition, no estimates of the intensity of multiple hits or gene conversion were available. Finally, there existed the possibility of strain hybridization in the New World populations.
In phylogenetic terms, a priori identification of orthologous and paralogous characters was impossible, the potential for homoplasy was substantial, and the appropriateness of using repeats as terminal units was questionable (Davis and Nixon 1992; Hein 1993) . The confounding effects of these conditions on traditional phylogenetic reconstruction algorithms have been considered for multiple-copy sequences (Sanderson and Doyle 1992) . For these reasons, and because our initial use of parsimony-based algorithms resulted in extensive groups of unstable or unresolved topologies despite repeated attempts to remove noninformative autapomorphies ( Li and Graur 199 1, pp. 1 1 l-113 ) , we developed a method for subdividing the data into statistically homogeneous clusters. Commonalities uniting sequences within clusters were used as the initial character states for traditional phylogenetic reconstruction.
The resulting topologies served as starting points for refining hypotheses regarding the evolutionary history of both the strains of the parasite and the repeats themselves. The algorithm described here does carry its own encumbrances, such as the phenetic nature of the approach and information compression inherent in the consensus process. But overall, in light of the complex nature of the input data, the method proved successful as a pattern identification and testing technique.
Highly ordered clusters of individual repeat sequences were found in all of the 0-150 populations examined. The existence of such clusters suggests that these sequences have been subject to mechanisms of concerted evolution. The fact that O-l 50 is organized in tandem arrays (Meredith et al. 1989 ) may promote interactions between members of O-l 50, which helps to maintain such clusters through recombination.
The results presented above, together with those described elsewhere (Erttmann et al. 1987; Zimmerman et al. 1993) ) suggest that a unique form of O-l 50, which represents a significant proportion of the 0-150 repeat population, has developed in the rainforest strain of 0. voZvulus. For this to occur, some barrier inhibiting homogenization between the African rainforest and savannah strains must have developed. It is interesting that the vector for 0. volvulus in western Africa, Simulium damnosum sensu lato, is actually a complex of at least six sibling species. Experimental cross-transmission studies have shown that the different sibling species are inefficient vectors for parasites derived from outside their endemic region. This has led to the hypothesis that specific vector-parasite strain-transmission complexes exist . The existence of such transmission complexes may inhibit homogenization between rainforest and Savannah 0. voZvulus. Another possibility is that the presence of this unique cluster may reflect an ongoing operation of a molecular speciation mechanism. In light of their frequency of occurrence, these elements would seem to meet the theoretical expectations for a "mechanical genome incompatibility" mechanism ( Rose and Doolittle 1983 ) .
The results from all of our analyses demonstrate a close relationship between New World and African savannah populations of 0. VOZVUZUS. This suggests a recent introduction of 0. VOZVUZUS into the New World that could have resulted from African slave trade in the Americas. Nineteenth-century medical records document that Africans with symptoms consistent with onchocerciasis were seen by physicians in Rio de Janeiro, one of the most significant Portuguese slave ports in Brazil (Karasch 1987, p. 163) . Because slaves imported into the Americas originated from both the rainforest and Savannah of Africa, it is interesting that parasites from the New World are so closely related to 0. VOZVUZUS from the African Savannah. This might have resulted from a founder effect ( Provine 1989 ) . As indicated in figure 4 B, the African Savannah is thought to have been the primary source of slaves imported into the New World during the peak of the slave trade in the 18th and 19th centuries. The fact that African Savannah and American 0. VOZVUZUS populations are indistinguishable, together with the fact that the majority of the slaves imported into the Americas originated in savannah regions, supports the hypothesis that onchocerciasis was introduced into the New World as a result of the slave trade.
It is possible that the statistical model presented above may be useful in studies of different parasitic organisms. Sequences similar to 0-150 have been identified in several other human parasites (Barker et al. 1986; McReynolds et al. 1986; Sim et al. 1986; Majiwa and Webster 1987; Rogers and Wirth 1987; Dissanayake and Piessens 1990) . When infectious agents of the same species show important phenotypic differences resulting from single gene mutations, concurrent analysis of repeated sequences may be useful to describe more completely the overall context within which these phenotypes have diverged. To this end, we are continuing to refine our statistical algorithm, with particular attention being given to ways of evaluating individual character-state variation.
Sequence Availability
The DNA sequences have been deposited in GenBank under accession numbers UO2590 to U02594 and U0273 1 to U02875.
